Sokoloff G, Plumeau AM, Mukherjee D, Blumberg MS. Twitch-related and rhythmic activation of the developing cerebellar cortex. J Neurophysiol 114: 1746 -1756. First published July 8, 2015 doi:10.1152/jn.00284.2015.-The cerebellum is a critical sensorimotor structure that exhibits protracted postnatal development in mammals. Many aspects of cerebellar circuit development are activity dependent, but little is known about the nature and sources of the activity. Based on previous findings in 6-day-old rats, we proposed that myoclonic twitches, the spontaneous movements that occur exclusively during active sleep (AS), provide generalized as well as topographically precise activity to the developing cerebellum. Taking advantage of known stages of cerebellar cortical development, we examined the relationship between Purkinje cell activity (including complex and simple spikes), nuchal and hindlimb EMG activity, and behavioral state in unanesthetized 4-, 8-, and 12-day-old rats. ASdependent increases in complex and simple spike activity peaked at 8 days of age, with 60% of units exhibiting significantly more activity during AS than wakefulness. Also, at all three ages, approximately one-third of complex and simple spikes significantly increased their activity within 100 ms of twitches in one of the two muscles from which we recorded. Finally, we observed rhythmicity of complex and simple spikes that was especially prominent at 8 days of age and was greatly diminished by 12 days of age, likely due to developmental changes in climbing fiber and mossy fiber innervation patterns. All together, these results indicate that the neurophysiological activity of the developing cerebellum can be used to make inferences about changes in its microcircuitry. They also support the hypothesis that sleep-related twitches are a prominent source of discrete climbing and mossy fiber activity that could contribute to the activity-dependent development of this critical sensorimotor structure. sensitive period; active sleep; REM sleep; activity-dependent development; myoclonic twitching; rhythmicity ACROSS THE EARLY POSTNATAL PERIOD in rats, active sleep [AS, or rapid eye movement (REM) sleep] is the predominant behavioral state (Gramsbergen et al.
ACROSS THE EARLY POSTNATAL PERIOD in rats, active sleep [AS, or rapid eye movement (REM) sleep] is the predominant behavioral state (Gramsbergen et al. 1970; Jouvet-Mounier et al. 1969) . AS is characterized by muscle atonia punctuated by myoclonic twitches of the muscles controlling the limbs, eyes, and whiskers (Blumberg et al. 2013) . Twitches are discrete jerky movements that occur many thousands of times each day, and twitch-related sensory feedback shapes spinal circuitry (Petersson et al. 2003) and triggers substantial neural activity in many brain areas, including the thalamus, hippocampus, and cerebral cortex (Khazipov et al. 2004; Blumberg 2008, 2010; Tiriac et al. 2012; Tiriac et al. 2014) . We recently reported in 6-day-old rats that cerebellar Purkinje cells also exhibit increased activity in response to twitching (Sokoloff et al. 2014) . This discovery introduced twitching as a potentially important source of the activity that is known to be important for many aspects of cerebellar circuit development (Hashimoto and Kano 2013; Kakizawa et al. 2000; Sherrard et al. 2013) .
The cerebellum is a central contributor to sensorimotor processing (Apps and Garwicz 2005) , receiving substantial inputs from the cerebral cortex, brain stem, and spinal cord (Apps and Garwicz 2005; Huang et al. 2013; Odeh et al. 2005) . Despite a plethora of convergent afferent signals, cerebellar cortical anatomy is relatively simple, consisting of a constrained circuit constructed of comparatively few cell types (Eccles et al. 1967) . Importantly, in rats, humans, and other mammals, the cerebellum undergoes substantial postnatal development (rats: Altman 1972a development (rats: Altman , 1972b development (rats: Altman , 1972c McKay and Turner 2005; Shimono et al. 1976; humans: Dobbing and Sands 1973; Ellis 1920; Zecevic and Rakic 1976) . At birth in rats, the Purkinje cell layer (PCL) contains immature Purkinje cells with short dendritic processes and disordered laminar organization (Altman 1972b; McKay and Turner 2005) . Early in the first postnatal week, climbing fiber innervation to Purkinje cells increases (Crepel 1971; Shimono et al. 1976 ). Initially, Purkinje cells receive input from multiple climbing fibers, and this polyinnervation reaches its peak by the end of the first postnatal week (Crepel et al. 1976; Hashimoto et al. 2009; McKay and Turner 2005; Shimono et al. 1976; Watanabe and Kano 2011) . At the same time, as granule cells are beginning to migrate to the internal granular layer (IGL), mossy fibers form transient direct connections with Purkinje cells (Kalinovsky et al. 2011; Manzini et al. 2006; Mason and Gregory 1984) . During the second postnatal week, the "winners" of the competition among multiple climbing fibers begin to translocate along the Purkinje cells' apical dendrites (Hashimoto and Kano 2003) , direct mossy fiber connections on Purkinje cells diminish as granule cells migrate to their final locations, and the parallel fiber system linking granule cells to Purkinje cells is established (Altman 1972a; Kalinovsky et al. 2011; Shimono et al. 1976 ). Also at this time, the interneurons in the molecular layer become functional (Altman 1972b; Carillo et al. 2013; Hashimoto et al. 2009; Shimono et al. 1976; Watanabe and Kano 2011) .
Although activity-dependent processes are often invoked as critical for various aspects of cerebellar development (Andjus et al. 2003; Hashimoto et al. 2012; Kakizawa et al. 2000; Kalinovsky et al. 2011; Mikuni et al. 2013; Nakayama et al. 2012; Sherrard et al. 2013) , the nature and sources of the activity have not been identified. Here we take advantage of established milestones in cerebellar cortical development to investigate circuit-related features of state-dependent activity in unanesthetized infant rats. Specifically, we recorded Purkinje cell activity across sleep-wake cycles at three ages: postnatal day (P)4, when both mossy fibers and climbing fibers form direct connections with Purkinje cells (Shimono et al. 1976 ); P8, when climbing fiber polyinnervation of Purkinje cells reaches its peak (Hashimoto and Kano, 2005; Kalinovsky et al. 2011; Watanabe and Kano 2011) ; and P12, when the direct mossy fiber connections on Purkinje cells begin to disappear, the parallel fiber system has emerged, and the translocation of climbing fibers to Purkinje cell dendrites has begun (Shimono et al. 1976; Watanabe and Kano 2011) . Our results indicate distinct periods of state-dependent cerebellar activity, as well as rhythmicity, that parallel associated changes in cerebellar microcircuitry. Finally, if sleep-related processes are indeed important for the development of this system, then any of a variety of stressors, including sleep restriction or deprivation, could influence cerebellar circuit development, with possible implications for the emergence of neurodevelopmental disorders (e.g., Wang et al. 2014) .
MATERIALS AND METHODS

Subjects
Male and female Sprague-Dawley Norway rats (Rattus norvegicus) at P3-4 (n ϭ 13; 9 -11.2 g body wt; designated as P4), P7-8 (n ϭ 13; 14.6 -21.2 g body wt; designated as P8), and P12 (n ϭ 9; 29.6 -36.4 g body wt) were used. Littermates were always assigned to different age groups. Litters were culled to eight pups by 3 days of age. Mothers with litters were housed in standard laboratory cages (48 ϫ 20 ϫ 26 cm). Water and food were available ad libitum and animals were maintained on a 12:12-h light-dark schedule with lights on at 0700. All experiments were approved by the Institutional Animal Care and Use Committee of the University of Iowa and performed in accordance with the National Institutes of Health Guide for Care and Use of Laboratory Animals .
Surgery
On the day of testing, a pup with a visible milk band was selected, removed from the litter, and anesthetized with 2-5% isoflurane. First, 2-4 bipolar stainless steel hook electrodes (50 m diameter, California Fine Wire, Grover Beach, CA) were implanted into nuchal and hindlimb muscles and a ground wire was placed transdermally on the back. Electrodes and ground wires were secured with flexible collodion. Next, the skull was exposed and dried, and a custom-built head-fix apparatus was attached using cyanoacrylate adhesive . After this 10-min surgery, the pup's torso was wrapped lightly in gauze and allowed to recover in a humidified incubator maintained at thermoneutrality (35°C). After 1 h, the pup was removed from the incubator, anesthetized again, and secured in an infant stereotaxic apparatus. Three holes were drilled in the skull for insertion of the electrode for recording cerebellar activity, a thermocouple for measuring brain temperature, and a ground wire. After this second 10-min surgery, the pup was moved to a thermally controlled testing chamber that includes a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA) located within a Faraday cage. Testing did not begin until after 1-2 h of acclimation when the experimenter noted regular, organized sleep-wake cycles. It should be stressed that under these conditions, pups cycle regularly between sleep and wakefulness and exhibit all the basic features of sleep-wake organization, including spatiotemporally organized limb twitching produced against a background of muscle atonia .
Cerebellar Neurophysiology
Unit activity from a total of 67 Purkinje cells was recorded. In 7 of the 9 pups at P12, we recorded from 11 cells that were not Purkinje cells; those data will not be presented. Extracellular recordings were performed using platinum/iridium single-ended electrodes (Thomas Recording, Germany; impedance: 1-2 M⍀; P4 and P8 rats only) or 16-channel silicon depth electrodes (NeuroNexus, Ann Arbor, MI; Models A1 ϫ 16 ϫ 100 ϫ 177, A1 ϫ 16 ϫ 50 ϫ 177Poly2) connected to a data acquisition system (Tucker-Davis Technologies, Alachua, FL) that amplified (10,000ϫ) and filtered (500-5,000 Hz band pass) the neural signal. For histological verification of electrode placement, the electrode surface was coated with fluorescent DiI (Life Technologies, Grand Island, NY) before insertion. A ground electrode (Ag/AgCl, 0.25 mm diameter; Medwire, Mt. Vernon, NY) was inserted just beneath the surface of the cerebral cortex. Brain temperature, measured using a fine-wire thermocouple (Omega Engineering, Stamford, CT) that was also inserted into the cerebral cortex, was maintained at 36 -37°C. Bipolar EMG hook electrodes were connected to a differential amplifier (A-M systems, Carlsborg, WA) that amplified (10,000ϫ) and filtered (300 -5,000 Hz bandpass) the EMG signal; a 60-Hz notch filter was also used. A digital interface and Spike2 software (Cambridge Electronic Design, Cambridge, UK) were used to acquire neural and EMG signals at 12.5 kHz and 1 kHz, respectively.
With the pup in the stereotaxic apparatus, the recording electrode was lowered into the cerebellar cortex using age-specific coordinates referenced to lambda (P4: AP ϭ Ϫ1.0 to Ϫ2.4 mm, ML ϭ 1.3-2.0 mm, 8 -10°angle; P8: AP ϭ Ϫ1.1 to Ϫ2.4 mm, ML ϭ 1.7-2.0 mm, 8 -10°angle; P12: AP ϭ Ϫ2.0 to Ϫ3.3 mm, ML ϭ 1.7-2.1 mm, 10 -12°angle). The electrode was lowered until action potentials were detected on one or more channels (DV range: Ϫ1.4 to Ϫ3.5 mm). Large-amplitude action potentials (signal-to-noise Ն 2:1), a relatively high spontaneous firing rate (i.e., Ն1 Hz), and the presence of complex spike waveforms similar to those described by others at similar ages (e.g., Crepel 1971; Puro and Woodward 1977a) served as criteria for identifying Purkinje cell activity. Data acquisition began once an identified Purkinje cell was held for at least 10 min. Recording sessions lasted 15-30 min, during which continuous neural and EMG data were collected as pups cycled spontaneously between sleep and wake. During acquisition, an experimenter digitally scored the subject's sleep and wake movements. Experimenters were blind to the physiological data while scoring behavior. Additional recordings from the same pup, when possible, were obtained by lowering the electrode sufficiently to ensure that the same Purkinje cells were not recorded more than once.
Histology
After recording, pups were overdosed with pentobarbital sodium (1.5 mg/g) and transcardially perfused with phosphate-buffered saline followed by 4% paraformaldehyde. The recording site was visualized on 80-m sections under a microscope with fluorescent illumination at 5-10ϫ magnification (Leica Microsystems, Buffalo Grove, IL). Recording site locations were determined after Nissl staining using a calibrated reticle (Fig. 1A) .
Data Analysis
Spike sorting and burst analysis. Spike sorting was performed using template matching with Spike2 software (Cambridge Electronic Design, Cambridge, UK). The distributions of waveforms comprising each template were analyzed using principal components analysis; waveforms Ͼ 3.5 SDs outside of each distribution were excluded. In P4 and P8 subjects (n ϭ 21 and 26 units, respectively), complex and simple spikes were distinguished using a burst script custom-written in Spike2. Multi-spike events with interspike intervals Յ20 ms and Յ15 ms were identified as complex spikes and were treated as single events for P4 and P8 pups, respectively. Complex and simple spikes for each unit were then analyzed separately (Fig. 1, B and C) .
At P12 (n ϭ 20 units), complex spikes are more adultlike in form than are those at earlier ages (Crepel 1971; Puro and Woodward 1977a) . Therefore, to identify complex spikes at this age, spikes were sorted into individual units using a 3-to 5-ms window for each template. Then a second threshold was applied to identify the subsequent depolarizations characteristic of complex spikes (Fig. 1D) .
Identification of behavioral state. As previously described Mohns and Blumberg 2010; Sokoloff et al. 2014) , sleep and wake periods were defined based on nuchal EMG activity in conjunction with scored behavior. Each EMG record was rectified and smoothed (tau ϭ 0.001 s) and the mean amplitude of high muscle tone and atonia was calculated from five representative 1-s EMG segments. Based on the midpoint between the two, the EMG signal was dichotomized into periods of high tone (indicative of wake) and atonia (indicative of sleep). Wake was characterized by high muscle tone, often accompanied by bouts of high-amplitude limb movements. AS was characterized by myoclonic twitches occurring against a background of muscle atonia (Blumberg and Seelke 2010; Seelke and Blumberg 2008) . Twitches were defined as brief EMG events with amplitudes exceeding at least 3ϫ the mean EMG amplitude during atonia, as described previously (Sokoloff et al. 2014) .
Analysis of state dependency. Mean unit firing rates were determined across all periods of wake and AS for each pup. To assess whether units were significantly more active during one behavioral state or the other, independent pairwise comparisons of mean firing rates during wake and AS were assessed using the Wilcoxon matchedpairs signed-ranks test (SPSS, IBM, Armonk, NY). For any unit, firing rates that exceeded three times the standard deviation were excluded as outliers. To test for age-related differences in mean firing rates, a single-factor ANOVA was used. A Chi-Square test was used to assess age-related differences in the number of state-dependent units. For all tests, including those described below, alpha was set at 0.05 and a Bonferroni post hoc was used when significant main effects were found. Mean firing rates across ages are presented as mean Ϯ SE.
Twitch-related event correlations. To determine the relationship between complex and simple spike activity and twitching, we constructed twitch-triggered perievent histograms over a 500-ms window using 10-ms bins centered on twitch onset. We performed these analyses separately using twitches from the nuchal and hindlimb muscles. As described previously (Tiriac et al. 2014) , we tested statistical significance by jittering twitch events 1,000 times over a 500-ms window using PatternJitter (Amarasingham et al. 2012; Harrison and Geman 2009) . Then, using a custom-written Matlab program, we generated upper and lower confidence bands (P Յ 0.01 for each confidence band) using a method that corrects for multiple comparisons (see Amarasingham et al. 2011) . For each unit, after histograms were separately constructed for nuchal and hindlimb muscle twitches, we selected the histogram that was significant and, if both were significant, that exhibited the stronger relationship with complex or simple spike activity. We then pooled these data to produce perievent histograms composed of significant twitch-dependent units at each age; we performed a final jitter analysis on these Complex spikes are indicated; the rest are simple spikes. C: frequency histograms of interspike interval (ISI) for P4 (top) and P8 (bottom) units. At P4 and P8, multispike events with ISIs Յ20 ms or Յ15 ms, respectively, were designated as complex spikes (white bars) based on previous studies at these ages (Puro and Woodward 1977a; Sokoloff et al. 2014 ). All other unit activity was designated as simple spikes (black bars). D: at P12, the shapes of the waveforms were used to distinguish complex from simple spikes.
pooled data. To test for age-related differences in percent time of AS, rate of twitching per minute of AS and rate of twitching per minute of total time, a single-factor ANOVA was used. A Chi-Square test was used to assess age-related differences in the number of twitchdependent units. For all tests, including those described below, alpha was set at 0.05 and a Bonferroni post hoc was used when significant main effects were found.
Complex and simple spike variability and rhythmicity. Variability and rhythmicity for complex and simple spike unit activity were calculated and analyzed using the methods of Arancillo and colleagues (2015) . Briefly, variability in complex and simple spike activity was measured using the coefficient of variance (CV 1 ) to assess the average variability in interspike intervals (ISIs) by calculating the standard deviation (SD) of ISIs and dividing it by mean ISI:
Rhythmicity was measured for complex and simple spike unit activity using CV 2 and a rhythmicity index (RI). In contrast to CV 1 , CV 2 measures moment-to-moment variability in spike activity by comparing differences in adjacent ISIs at time t and tϩ1, thereby providing an estimate of either tonic or rhythmic burst-like activity, as opposed to highly irregular patterns of neural activity (Holt et al. 1996) :
Rhythmicity was measured by calculating a rhythmicity index (Arancillo et al. 2015; Lang et al. 1997; Sugihara et al. 1995) . Using Spike2, autocorrelations of complex and simple spike activity were visualized in 5-ms bins over a 1-s window for the entire recording period (i.e., including both sleep and wake). Using the equation below, we first calculated baseline activity over the autocorrelation window:
Baseline ϭ ͑total number of spikes͒ 2 ͑total time ⁄ bin duration͒ Thresholds for determining peaks and valleys were calculated by adding and subtracting from baseline the SD of spike counts over the period of Ϫ400 to Ϫ500 ms and 400 to 500 ms. For complex spike rhythmicity, the first peak was recorded as the bin with the highest number of spikes in the autocorrelogram within the window from 50 to 500 ms based on previously reported oscillation frequencies (see De Zeeuw et al. 2008) . Because oscillation frequencies of simple spikes have been reported to be faster (Arancillo et al. 2015) , for simple spike rhythmicity the first peak was recorded within a 15-to 500-ms window. Successive valleys and peaks were identified when autocorrelogram bin values fell below or exceeded the calculated thresholds, or if the difference between the preceding peak or valley exceeded twice the SD. Furthermore, subsequent peaks and valleys had to fall within the time range:
where t n is the bin (in ms) of the nth valley or peak and t 1 is the bin for the first peak in the autocorrelation. Finally, Rhythmicity Index ϭ ͚ Խ bin count-baseline Խ Խ total number of spikesϪbaseline Խ in which bin count represents the spike count of either a peak or valley. Oscillation frequency was subsequently calculated by calculating the inverse of the millisecond value of the bin identified for the first peak (t 1 Ϫ1 ). The rhythmicity index and oscillation frequency were not calculated for autocorrelations lacking obvious peaks, or rhythm indexes Յ 0.01. Differences in CV 1 , CV 2 , rhythmicity index, and oscillation frequency were tested using the Kruskall-Wallace (H) nonparametric test with post hoc pairwise comparisons across age with significance values adjusted for multiple comparisons.
RESULTS
Purkinje cell activity (P4: 21 units; P8: 26 units; P12: 20 units) was recorded from medial regions of cerebellar cortex including vermis (lobules V-VI), Simplex, and Crus I and II (Fig. 1A ). There were significant increases with age in mean firing rates for both complex and simple spikes [complex spikes: F(2,64) ϭ 34.4, P Ͻ 0.001; simple spikes: F(2,64) ϭ 28.6, P Ͻ 0.001]. For complex spikes, P8 rats exhibited a significant increase in overall mean firing rate compared with P4 rats (P4: 0.19 Ϯ 0.03 Hz; P8: 0.64 Ϯ 0.1 Hz; P Ͻ 0.05), and P12 rats exhibited a significantly higher complex spike firing rate (1.66 Ϯ 0.2 Hz) in relation to both younger ages (P4: P Ͻ 0.001; P8: P Ͻ 0.001). For simple spikes, P12 rats again exhibited a significantly higher firing rate in relation to both younger ages (P4: 1.77 Ϯ 0.3 Hz; P8: 4.56 Ϯ 0.5 Hz; P12: 11.84 Ϯ 1.6 Hz; P values Ͻ 0.001). Firing rates at P4 and P8 were not significantly different (P ϭ 0.1). The increased firing rate at P12 is consistent with previous studies and reflects developmental changes intrinsic to Purkinje cells (McKay and Turner 2005; Saywell et al. 2014) and also changes in their patterns of innervation over this postnatal period (Hashimoto et al. 2009; Puro and Woodward 1977b, Shimono et al. 1976 ).
Purkinje Cell Activity Is Modulated by Behavioral State
Based on the firing rates of Purkinje cells, we classified complex and simple spikes as AS-on, Wake-on, or state indifferent. The percentage of units that fell within each category varied across age ( Fig. 2A) , resulting in significant differences in state dependency of Purkinje cell activity [complex spikes: X 2 (2, N ϭ 30) ϭ 6.2, P ϭ 0.045; simple spikes: X 2 (2, N ϭ 29) ϭ 6.7, P ϭ 0.035]. At P8, state dependency for both complex and simple spikes was strongest with 16 units being classified at AS-on (61.5%). At P4 and P12 for complex spikes, only 9 (42.8%) and 5 (25%) units, respectively, exhibited significant AS-on activity. Similarly, at P4 and P12 for simple spikes, only 8 (38.1%) and 5 (25%) units, respectively, exhibited significant AS-on activity. Importantly, for both complex and simple spikes at all three ages fewer than 15% of Purkinje cells were classified as Wake-on. Finally, Fig. 2B presents mean firing rates of AS-on units across behavioral states at each age for both complex and simple spikes showing that even as firing rates increase across age, significantly more neural activity is observed during AS. Similar to our previous findings in other brain areas (thalamus: Tiriac et al. 2012; motor cortex: Tiriac et al. 2014; hippocampus: Mohns and Blumberg 2008) Purkinje cells exhibit elevated firing rates during active sleep by the end of the first postnatal week.
Twitch-Dependent Purkinje Cell Activity
Because twitches are discrete events, they can be used as triggers in perievent histograms to assess associated neural activity. In our previous study examining twitch-related Purkinje cell activity at P6 (Sokoloff et al. 2014) , we found that both complex and simple spike activity increased significantly after twitches. Here, at all three ages and as shown in Fig. 3A , we again observed significant twitch-dependent increases in complex and simple spike activity within 100 ms of either nuchal or hindlimb twitches. There was no significant change in the percentage (24 -35%) of units that exhibited twitchdependent increases in firing rate across development [complex spikes: X 2 (2, N ϭ 21) ϭ 1.1, P ϭ 0.58; simple spikes: X 2 (2, N ϭ 19)ϭ 0.74, P ϭ 0.69].
Perievent histograms of twitch-dependent activity for complex and simple spikes, pooled across units exhibiting significant twitch-dependent activity at each age, are presented in Fig. 3B . For P8 and P12 rats, complex spikes exhibited two significant peaks after a twitch, the first at 0 -30 ms and the second at 60 -90 ms; in contrast, complex spikes at P4 exhibited only a single significant peak at 100 -110 ms after a twitch. In our earlier study at P6, we also observed multiple peaks in complex spike activity after twitches (Sokoloff et al. 2014 ). For simple spikes at P4 and P8, a single significant peak in activity occurred at 50 -60 and 20 -30 ms after a twitch, respectively. At P12, and similar to complex spikes, simple spikes exhibited two significant peaks in activity after a twitch, the first at 30 -40 ms and the second at 70 -90 ms.
These data demonstrate substantial twitch-dependent Purkinje cell activity across early development. However, to assess the opportunity for twitching to influence cerebellar development across age, we need to interpret the present findings within the context of age-related changes in the rate of twitching. We assessed rate of twitching in two ways. First, the number of nuchal muscle twitches per minute of AS decreased by 28% between P4 and P8 and by another 69% between P8 and P12 [P4: 31.08 Ϯ 3.3 twitches/min; P8: 22.31 Ϯ 3.16 twitches/min; P12: 7.0 Ϯ 1.33 twitches/min; F(2,38) ϭ 15.7, P Ͻ 0.0001]; the decrease from P8 to P12 was significant (P Ͻ 0.05), but that between P4 and P8 was not. Second, the number of twitches per minute of total recording time decreased by 17% between P4 and P8 and by another 77% between P8 and P12 [P4: 20.32 Ϯ 2.18 twitches/min; P8: 16.82 Ϯ 9.38 twitches/min; P12: 3.83 Ϯ 0.75 twitches/min; F(2,38) ϭ 15.64, P Ͻ 0.0001]; again, the decrease from P8 to P12 was significant (P Ͻ 0.05). In contrast, the percentage of time spent in AS increased nonsignificantly between P4 and P8 and decreased significantly between P8 and P12 [P4: 66.66 Ϯ 3.5%; P8: 76.48 Ϯ 2.6%; P12: 54.00 Ϯ 9.7%; F(2,38) ϭ 13.72, P Ͻ 0.0001]; importantly, the magnitude of the decrease in AS between P8 and P12 was relatively modest compared with the decreased rate of twitching.
Complex and Simple Spike Rhythmicity
We previously reported that complex spike activity in P6 rats can be highly rhythmic (Sokoloff et al. 2014 -on) ; the remaining units were indifferent. At P8 only, for both complex and simple spikes, the majority of units were AS-on. B: mean firing rates for AS-on units during AS and wake at each age. Mean ϩ SE. *P Ͻ 0.05 in relation to Wake. **P Ͻ 0.001 in relation to Wake.
correlations of complex spike (Fig. 4A ) and simple spike (Fig.  4B ) activity at each age. Figure 4C presents variability and rhythmicity measures for complex spikes at each age. Complex spike ISIs did not exhibit any differences in variability across age (CV 1 , Fig. 4C , left panel). For measures of rhythmicity (Fig. 4C , middle panels), CV 2 differed significantly across ages (H ϭ 9.45, P Ͻ 0.01). Specifically, P12 rats had a significantly lower CV 2 in relation to both P4 and P8 rats (P Ͻ 0.05). The rhythmicity index also differed across ages (H ϭ 7.18; P Ͻ 0.05); in this instance, however, P8 rats had a larger index than P12 rats (P Ͻ 0.05). These findings suggest that although the rhythmicity of complex spikes is less variable at P12, the rhythm itself is stronger at P8. Finally, oscillation frequency also differed across ages (Fig. 4C, right panel; H ϭ 6.58, P Ͻ 0.05) with P12 rats exhibiting faster oscillations in relation to P4 rats (P Ͻ 0.05; median oscillation frequency: P4 ϭ 8.0 Hz; P8 ϭ 9.1 Hz; P12 ϭ 10.6 Hz). Figure 4D presents variability and rhythmicity measures for simple spikes at each age. Simple spike ISIs did show a difference in variability across ages (Fig. 4D, left panel; H ϭ 7.79, P Ͻ 0.05), with P8 rats showing significantly less variability in ISI that P12 rats (P Ͻ 0.05). For measures of rhythmicity (Fig. 4D, middle panels) , CV 2 differed significantly across ages (H ϭ 6.97, P Ͻ 0.05), with P8 rats having a significantly lower CV 2 than P4 rats (P Ͻ 0.05). The rhythmicity index also differed across ages (H ϭ 16.59; P Ͻ 0.001) with P8 rats showing a significantly larger index than both P4 and P12 rats (P Ͻ 0.005). Finally, as with complex spikes, oscillation frequency differed across ages (Fig. 4D , right panel; H ϭ 32.60, P Ͻ 0.001) with P12 rats exhibiting strikingly faster oscillations in relation to P4 and P8 rats (P Ͻ 0.001; median oscillation frequency: P4 ϭ 7.6 Hz; P8 ϭ 9.1 Hz; P12 ϭ 33.33 Hz); this qualitative increase in oscillation frequency at P12 is attributable to single short-latency peaks (see arrows in Fig. 4B, right panel) .
DISCUSSION
In a previous study of Purkinje cell activity in P6 rats (Sokoloff et al. 2014) , we found strong evidence of state dependency, twitch dependency, and rhythmicity. Here, we aimed to place those findings within the broader context of the rapid and dramatic cerebellar circuit changes that take place between P4 and P12 (Crepel 1974; Puro and Woodward 1977a; Shimono et al. 1976; see Fig. 5 ). We predicted that across this 8-day interval, complex and simple spikes would exhibit patterns of activity reflecting these developmental changes. As detailed below, the present findings are in accord with this prediction.
Given how little is known about the development of cerebellar activity, it is worthwhile to compare the present findings with those of previous functional and anatomical studies. First, we observed age-related increases in both complex and simple spike firing rates, consistent with pre- Fig. 4 . Representative autocorrelograms (5-ms bins) of complex spike (A) and simple spike rhythmicity (B) from P4, P8, and P12 subjects. Scatterplots of variability and rhythmicity of complex spike (C) and simple spike activity (D) across all three ages. Presented are analyses of the overall variability of activity (CV 1 ), two measures of rhythmicity (CV 2 , rhythmicity index), and oscillation frequency. See MATERIALS AND METHODS for descriptions of these analyses. Median values denoted by black horizontal bar. Arrows indicate peak in simple spike autocorrelations at P12. *Significant differences between or among indicated age groups, P Ͻ 0.05.
vious reports of Purkinje cell activity in anesthetized infant rats (Crepel 1971; McKay and Turner 2005; Puro and Woodward 1977a,b) . Second, we found no evidence of molecular layer interneuron activity or granule cell activity until P12, consistent with anatomical investigations of the cerebellar cortical circuit (Altman 1972b,c; Shimono et al. 1976 ; see discussion below). Third, we observed pronounced AS-dependent Purkinje cell activity at P8, consistent with our own previous findings at P6 (Sokoloff et al. 2014) ; however, AS dependency in the present study was less prominent at both P4 and P12. Despite the cerebellum's well-established role in sensorimotor integration, very few units at any age exhibited wake-dependent increases in activity even though wake-related movements are typically more robust than myoclonic twitches. This lack of wakerelated neural activity has been observed in other brain areas (see Tiriac et al. 2014) .
Based on our previous findings at P6, as well as evidence that twitches are ideally suited to promote activity-dependent development of neural systems (Blumberg et al. 2013; Tiriac et al. 2014) , we proposed that myoclonic twitches are an important source of activity to the developing cerebellum (Sokoloff et al. 2014 ). The present results strengthen the case for that proposal. At all three ages, both complex and simple spikes activity for approximately one-third of the recorded units increased significantly within 100 ms of twitching in either the nuchal or hindlimb muscle. These relatively short latencies are consistent with those reported for anesthetized pups in response to peripheral limb stimulation (Puro and Woodward 1977a,b) . Also, as we found previously at P6 (Sokoloff et al. 2014) , twitch-dependent complex spikes at P8 and P12 rats exhibited double peaks. Although much of this twitch-dependent activity likely results from reafference from the sensory periphery, preliminary data suggest that the shortest-latency complex spikes are produced by a corollary discharge from the red nucleus conveyed through the inferior olive (Del RioBermudez et al. 2015) .
Although the proportion of Purkinje cells exhibiting twitchrelated activity at P8 and P12 did not change (see Fig. 3 ), the rate of nuchal muscle twitching decreased substantially between those two ages. This is consistent with a previous study showing high rates of nuchal muscle twitching at P2-6 followed by a sharp decline over the next week (Marcano-Reik et al. 2010) . Thus the opportunity for twitching to effect activitydependent changes in cerebellar development decreases substantially over the second postnatal week.
Independent of twitching, there was substantial rhythmicity exhibited by complex and simple spikes that was especially prominent at P8. With respect to complex spikes, the 10-Hz rhythmicity that is sometimes (but not always) reported in adult animals has been attributed to rhythmic firing of neuronal populations in the inferior olive (e.g., Kitazawa and Wolpert 2005; Sasaki et al. 1989; Van Der Giessen et al. 2008 ). There have also been reports of simple spike rhythmicity in adult mice and cats (e.g., Arancillo et al. 2015; Cheron et al. 2005; Goossens et al. 2001; McCarley and Hobson 1972) . Specifically, the simple spike rhythmicity observed here at P8 is similar to that recorded in adult rats from the lateral reticular nucleus, a major source of mossy fibers to the cerebellum (Xu et al. 2013) . In contrast the high-frequency simple spike oscillation observed at P12 resembles that reported in 2-wk-old mice (Arancillo et al. 2015) .
We propose, therefore, that the simple spike rhythmicity observed here at P8 results from the direct conveyance of rhythmic activity from the lateral reticular nucleus (and perhaps other precerebellar nuclei) via mossy fibers to Purkinje cells. Accordingly, the dramatic increase in the oscillation frequency at P12 could result from the loss of these direct connections and the interposition of the parallel fiber system between mossy fibers and Purkinje cells (Kalinovsky et al. 2011; Kuwako et al. 2014) . Interestingly, the explanation for the emergence and disappearance of complex spike rhythmicity may be different from that for simple spike rhythmicity. Specifically, at P8, strong rhythmicity may reflect a peak in polyneuronal innervation by multiple climbing fibers on Purkinje cell somas (Hashimoto et al. 2009; Watanabe and Kano 2011) ; this notion is supported by the observation that complex spike rhythmicity in adults is not consistently observable from individual Purkinje cells (Yarom and Cohen 2002 Fig. 5 . Changes in cerebellar circuit development in rats over the first two postnatal weeks. At P4, Purkinje cells receive weak climbing fiber innervation and direct innervation from mossy fibers. By P8, granule cells have begun to migrate to the internal granular layer, but direct mossy fiber innervation of Purkinje cells still predominates. Also, multiple climbing fibers innervate Purkinje cell somas. By P12, climbing fiber synapse elimination and translocation have begun, and the direct mossy fiber innervation of Purkinje cells is regressing as mossy fibers establish connections with granule cells. In turn, the granule cells are establishing innervation of Purkinje cells via the parallel fiber system. In addition, newly developed interneurons within the molecular layer (e.g., basket cells) modulate the activity of Purkinje cells through an inhibitory connection. AS-dependent and rhythmic Purkinje cell activity is most pronounced at P8. Rhythmicity may be most pronounced at P8 due to 1) direct innervation of Purkinje cells by mossy fibers conveying rhythmic activity from precerebellar nuclei and 2) polyneuronal innervation by climbing fibers. Finally, at all three ages, reafferent input from myoclonic twitches are transmitted through climbing and mossy fibers to the cerebellar cortex.
nounced complex spike rhythmicity at P8 is how closely its oscillation frequency corresponds with that of simple spikes (Fig. 4 , C and D; right panels); this correspondence is lacking at P4 and regular rhythms have largely disappeared by P12. Thus there appears to be a very narrow window when climbing and mossy fiber inputs provide strong rhythmic input to the Purkinje cell soma. We suggest that such rhythmic activity provides a means of converging somatotopically related climbing and mossy fiber inputs to the developing cerebellum (Huang et al. 2013; Singer 1993; Whittington et al. 1995) .
Limitations
The activity of Purkinje cells is easily differentiated from that of other cell types based on histological verification of electrode placement and the shape of the waveform. Also, at P4 and P8, basket cells are not fully functional (Altman 1972b) and few granule cells have migrated and become functionally incorporated into the cerebellar circuit (Altman 1972c) . However, because complex spikes are immature at these ages (Crepel 1971; Puro and Woodward 1977a) , it is possible that some complex spikes were inappropriately classified here as simple spikes, particularly at P4 (see Fig. 1C ; Puro and Woodward 1977a) . Regardless, because the patterns of state dependency for complex and simple spikes were similar at each age, such possible misclassifications are unlikely to have altered our conclusions in any significant way.
Instead of a coherent somatotopic representation, as exhibited by other sensorimotor areas, the cerebellar cortex comprises numerous discontinuous maps (i.e., "fractured somatotopy"; Shambes et al. 1978) . Although these maps have been well described in adults, little is known about their development. Our preliminary results investigating the development of these fractured maps using exafferent stimulation and twitchrelated reafference indicate that Purkinje cells, as well as neurons in the interpositus nucleus, are responsive to evoked stimulation of specific muscle groups (e.g., the forelimb) and that such cells are also specifically responsive to twitch-related feedback arising from those same muscle groups (unpublished observations). In this context, it is worth noting that when we have recorded from brain areas with known somatotopy (e.g., the hindlimb-responsive region of sensorimotor cortex; Tiriac et al. 2014 ), all of the units have exhibited clear and precise twitch-dependent activity consistent with that somatotopy. Accordingly, given the current state of knowledge of fractured somatotopy in the developing cerebellum, it will be important in future studies to record from additional muscles throughout the body, including extraocular and whisker muscles Tiriac et al. 2012) . Such recordings may reveal that twitches play an even greater role in driving cerebellar activity than the present results suggest.
Even if twitching is a key player in activity-dependent cerebellar development, it is possible that AS-dependent aspects of Purkinje cell activity, independent of twitching, also play a role. Therefore, future studies should consider the possible state-dependent contributions of serotonergic and noradrenergic neuromodulators to Purkinje cell activity (RahimiBalaei et al. 2015) . Such neuromodulation could also help to explain the relative lack of Wake-on Purkinje cell activity observed here.
Non-Purkinje-Cell Activity
Consistent with previous anatomical and neurophysiological investigations of the development of the cerebellar cortex (Altman 1972b,c; Crepel 1974; Pouzat and Hestrin 1997; Shimono et al. 1976 ), we observed little or no neural activity within the molecular or granule cell layers at P4 or P8. At P12, however, based on histological assessment of electrode placement and firing properties (Ruigrok et al. 2011) , we recorded neural activity that did not exhibit the characteristics of Purkinje cells (n ϭ 11 units; data not shown). In one P12 subject, we recorded simultaneously from a Purkinje cell and an adjacent cell with properties reminiscent of basket cells. Specifically, this putative basket cell became active exclusively during wake, at which time the previously active Purkinje cell became inactive. This reciprocal activation pattern could reflect the known inhibitory influence of basket cells on Purkinje cells (Andersen et al. 1964) .
Sensitive Periods and Neurodevelopmental Disorders
In developing systems, sensitive periods occur at times of rapid change and are characterized by heightened responsiveness to perturbation and, in the nervous system, increased neural plasticity (Knudsen 2004; Stockard 1921; Thomas and Johnson 2008) . In the brain, sensitive periods have perhaps been most extensively studied in cerebral cortex (e.g., Hensch 2005; Hooks and Chen 2007), but they have also been discussed with respect to various aspects of cerebellar development (e.g., Kakizawa et al. 2000; Sherrard et al. 2013) . The observation here of rapid developmental changes in patterns of neural activity within cerebellar cortex at the end of the first postnatal week, corresponding with established rapid changes in neural circuitry, suggests the presence of a sensitive period. Whether the cerebellar system is especially sensitive to perturbation during this period remains to be determined.
The identification of sensitive periods within the cerebellum could have important implications for understanding the developmental origins of motor and cognitive disorders (Wang et al. 2014) . Importantly, in addition to its well-known role in sensorimotor processing, the cerebellum is receiving increasing attention as a contributor to cognition (Ito 2008; White and Sillitoe 2013) . For example, genetic disorders resulting in altered cerebellar development (e.g., Dandy-Walker malformation) result in both motor dysfunction and cognitive delay (Millen and Gleeson 2008) . Similarly, cerebellar dysfunction has been implicated in autism spectrum disorder, bipolar disorder, and schizophrenia (Ito 2008; Johnson et al. 2015; Kern 2002; Martin and Albers 1995; Wang et al. 2014) .
With respect to autism, cerebellar injury at birth is the second greatest risk factor (Wang et al. 2014) . Citing this fact, and the precise and bidirectional somatotopic connections between the cerebellum and neocortex, Wang and colleagues (2014) proposed that disruptions of cerebellar function during sensitive periods of development, whatever the cause, could produce negative cascading effects on cerebellar-neocortical communication and associated cognitive processes. Consistent with what is known about the timing of cerebellar development in humans, Wang and colleagues (2014) further suggested that such negative effects could impact humans prenatally as well as long into the early postnatal period. In line with this suggestion and the present findings, we further propose that prolonged or severe sleep restriction or disruption could be one such cause of early cerebellar dysfunction. For example, even small decreases in air temperature can suppress AS-related twitching in infant rats (Blumberg and Stolba 1996; Sokoloff and Blumberg 1998) , which could be one of many factors contributing to the emergence of autism-like symptoms in human infants raised in severely deprived conditions (Nelson et al. 2011) . Therefore, in light of the rapid transformation in cerebellar circuitry and associated changes in Purkinje cell activity at the end of the first postnatal week in rats, and the modulation of that activity by sleep-related processes, the present findings suggest the existence of a sensitive period in this system when sleep disruption could have particularly profound and long-lasting effects on sensorimotor and cognitive development.
